, was originally cloned in our laboratory as a redox inducible antioxidant protein and later characterized as the second member of the RBX/ROC RING component of the SCF (SKP1-CUL-F-box Proteins) E3 ubiquitin ligase. When acting alone, SAG scavenges oxygen radicals by forming inter-and intra-molecular disulfide bonds, whereas by forming a complex with other components of the SCF E3 ligase, SAG promotes ubiquitination and degradation of a number of protein substrates, including c-JUN, DEPTOR, HIF-1α, IκBα, NF1, NOXA, p27, and procaspase-3, thus regulating various signaling pathways and biological processes. Specifically, SAG protects cells from apoptosis, confers radioresistance, and plays an essential and non-redundant role in mouse embryogenesis and vasculogenesis. Furthermore, stress-inducible SAG is overexpressed in a number of human cancers and SAG overexpression correlates with poor patient prognosis. Finally, SAG transgenic expression in epidermis causes an early stage inhibition, but later stage promotion, of skin tumorigenesis triggered by DMBA/TPA. Given its major role in promoting targeted degradation of tumor suppressive proteins, leading to apoptosis suppression and accelerated tumorigenesis, SAG E3 ligase appears to be an attractive anticancer target.
INTRODUCTION
SAG (Sensitive to Apoptosis Gene), also known as RBX2 (RING box protein-2), ROC2 (Regulator of cullins-2), or RNF7 (RING finger protein-7) belongs to an evolutionarily conserved gene family with 96% sequence identity between human and mouse and 55% between human and yeast Sun, 2008) . SAG is expressed ubiquitously in human tissues with a very high expression in heart, skeletal muscle, and testis, three organs with high levels of oxygen consumption. At the subcellular level, SAG is expressed in both cytoplasm and nucleus . Human SAG is mapped onto chromosome 3q22-24 with three splicing variants and two family pseudogenes , whereas mouse Sag was mapped onto chromosome 9 with three exons and two introns (Tan et al., 2011b) . Structurally, both human SAG and mouse Sag encode a protein of 113 amino acids, of which 12 are cysteine residues (Fig. 1) . At the carboxyl portion of SAG protein, there is a C 3 H 2 C 3 motif, which chelates two zinc atoms to form the RING domain (Fig. 2) , a characteristic of a domain with E3 ubiquitin ligase activity (Lipkowitz and Weissman, 2011) . This primary structure of SAG determines that SAG is a dual-functional molecule. Biochemically, when acting alone, SAG has non-enzymatic antioxidant activity which scavenges reactive oxygen species at the expense of self-oligomerization via formation of intra-and inter-molecule disulfide bonds . When forming the complex with other components of SCF (Skp1-Cullin1-F-box proteins), SAG, like its family member, RBX1/ROC1, has intrinsic E3 Figure 1 . A schematic presentation of cysteine residues on SAG. A total of 12 cysteine residues are shown with X standing for any other amino acids. The numeric number stands for the number of amino acids between two cysteine residues. It is unclear, however, which cysteine residues would form intra-molecular or inter-molecular disulfide bonds. Note that the figure was not drawn to scale.
Figure 2. A schematic presentation of the RING finger domain on SAG.
Shown is the C 3 H 2 C 3 RING finger domain that binds to two zinc atoms in a cross-braced arrangement with the codon number of each cysteine or histidine residue indicated. The X stands for any amino acid, whereas the numeric number stands for the number of amino acids between two cysteine or histidine residues. Note that the figure was not drawn to scale.
ligase activity (Swaroop et al., 2000; Tan et al., 2010) . Below we will review extensively SAG's biochemical activities and biological functions, as characterized by the use of biochemical assays, in vitro cell culture and in vivo animal models.
BIOCHEMICAL PROPERTIES SAG as an antioxidant protein
Antioxidant defense systems that scavenge reactive oxygen species (ROS) consist mainly of 1) antioxidant enzymes, including superoxide dismutase, catalase, glutathione peroxidase, and glutathione reductase; 2) antioxidant proteins (e.g. thioredoxin, metallothionein); and 3) small molecule antioxidants (e.g. GSH, N-acetyl-L-cysteine, dithiothreitol, vitamin C, and vitamin E) (Sun, 1990) . Like other thiol-based antioxidant proteins, such as thioredoxin and metallothionein (Sato and Bremner, 1993; Deneke, 2000; Viarengo et al., 2000) , SAG has more than 10% cysteine residues in its composition and has the capacity to generate thiol/disulfide redox buffer and chelate metals, such as zinc and copper Swaroop et al., 1999; Sun et al., 2001) .
Our early study showed that bacterially expressed and purified SAG protein is a redox sensitive protein, which forms oligomers upon storage at 4°C. SAG oligomerization was rapidly induced by hydrogen peroxide in dose and incubation time dependent manners, which can be blocked by the small molecule antioxidant dithiothreitol (DTT), or by N-ethylmaleimide (NEM), an alkylating agent, indicating that SAG oligomerization is caused by the formation of inter-or intra-molecular disulfide bonds, although involvement of each individual cysteine residue in the formation of these disulfide bonds cannot be precisely defined . Furthermore, SAG also binds to metal ions, including zinc, iron and copper, and inhibits copper-induced lipid peroxidation in test tube Swaroop et al., 1999) . SAG also prevents lipid peroxidation induced by 2,2-azo-bis-2-amidinopropane hydrochloride, a free radical generator, without metal ion involvement (Frei et al., 1988) . SAG-induced inhibition of lipid peroxidation is completely abolished by the pretreatment of SAG with the alkylating agent NEM, suggesting that the free sulfhydryl groups of cysteines on the SAG molecule are the major contributors to this activity . Given the observations that metallothionein, a cysteine-rich, but RING finger-less protein also has such an activity and that some SAG RING finger mutants still retain this activity Sun et al., 2001) , it is possible that the RING finger domain may not be directly involved in ROS scavenging activity of SAG. Thus, the cysteine residues (which comprises10.6% of SAG protein), rather than the RING finger motif (with six cysteine residues involved) (see Figs. 1 and 2 for comparison) per se are mainly responsible for observed ROS scavenging activity, although it is hard to differentiate them. Taken together, our results demonstrate that SAG is an antioxidant and metal chelating protein that scavenges ROS at the expense of self-oligomerization.
Other investigators have subsequently shown that SAG possesses a potent peroxidase activity to decompose hydrogen peroxide in the presence of dithiothreitol, which can again be completely abrogated by NEM, suggesting that the sulfhydryl groups of cysteines on the SAG molecule could function as strong nucleophiles to destroy hydrogen peroxide. Furthermore, the peroxidase activity of SAG can be extended to t-butyl-hydroperoxide and fatty acid hydroperoxide (Kim, 2002) . The same group of investigators further found that SAG significantly inhibits single strand breaks induced by synthesized peroxynitrite and 3-morphol-inosydnomine N-ethylcarbamide (SIN-1) in supercoiled plasmid DNA. Formation of 8-hydroxy-2-deoxyguanosine in calf thymus DNA by peroxynitrite and SIN-1 is also significantly inhibited by SAG. Again, the protective effect of SAG on peroxynitrite-mediated DNA damage was completely abolished by NEM (Kim, 2003a) .
Most recently, two studies show an antioxidant protective role of SAG in cultured cells and even in vivo mouse brains. When directly added to the culture medium, purified cell-penetrable SAG protein (Tat-SAG) protects astrocytes from oxidative stress-induced death (Kim et al., 2010) . More
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Cell interestingly, when administered intraperitoneally into mice, Tat-SAG significantly reduces in a dose dependent manner DNA damage and lipid peroxidation in mouse neurons (Kim et al., 2010; Yoo et al., 2012) , and prevents neuronal cell death triggered by transient forebrain ischemia (Kim et al., 2010) . Finally, we showed recently that ES cells with Sag deletion have an increased steady-state level of ROS upon radiation exposure which contributes to an enhanced sensitivity to radiation (Tan et al., 2010) . Taken together, these in vitro and in vivo studies clearly demonstrate that antioxidant SAG inhibits ROS-induced lipid peroxidation and DNA damage, and consequently protects cells from ROS-induced death.
SAG as a RING component of SCF E3 ubiquitin ligase
Normal function of eukaryotic cells depends upon a fine balance between synthesis and degradation of proteins. Many short-lived and biologically important proteins need to be rapidly degraded upon completion of their designated functions. The protein degradation is mainly executed by the ubiquitin-dependent proteasome system in which a targeted protein is ubiquitinated by three step-wise enzymatic reactions involving E1 ubiquitin activating enzyme, E2 ubiquitin conjugating enzyme, and E3 ubiquitin ligase, which recognizes the target substrate and catalyzes the transfer of ubiquitin from an E2 to an internal lysine residue of a substrate. Multiple runs of the E1-E2-E3 mediated reaction lead to poly-ubiquitination of the targeted protein, which is then recognized, if poly-ubiquitin chains are linked via lysine 48 (K48), by the 26S proteasome for targeted degradation (Ciechanover, 1998; Hershko and Ciechanover, 1998; (Fig. 3) .
The human genome encodes two E1 enzymes, about 38 E2 enzymes, and greater than 600 distinct E3 enzymes with each of them having the potential to recognize multiple substrates, leading to targeted ubiquitination and degradation of thousands of protein substrates . Four major types of E3 ubiquitin ligases have been defined: the N-end rule E3s, HECT (Homology to E6AP C-Terminus) containing E3s, RING (Really Interesting New Gene) containing E3s, and APC/C (Anaphase promoting complex/cyclosome) E3s (Hershko and Ciechanover, 1998; Hershko et al., 2000) . Finally, the E3 ubiquitin ligases can be a single peptide (such as MDM2 or XIAP) or consist of multiple components (such as SCF or APC/C).
Among all E3s, CRLs (Cullin-RING ligases) with the SCF (SKP1-Cullin 1-F-box proteins) as the founding members, are the largest E3 ligases in number. They promote timely ubiqutination and degradation of many key proteins, thus playing important roles in many processes including cell cycle progression, oncogenesis, signal transduction, gene transcription, embryonic development, genomic integrity and tumor suppression (Nakayama and Nakayama, 2006; Deshaies and Joazeiro, 2009; . The components of Figure 3 . Ubiquitination reaction. In the presence of ATP, ubiquitin is activated by E1 ubiquitin activating enzyme through a thioester-bond between the C-terminus glycine (G76) of ubiquitin and a cysteine residue at the active site of E1. Activated ubiquitin is then transferred to E2 ubiquitin conjugating enzyme, again through the thioester bond between the G76 of ubiquitin and a cysteine residue at the active site of E2. Finally, ubiquitin is covalently attached to a target protein through an isopeptide bond between G76 of ubiquitin and the ε amino group of an internal lysine residue of the target protein, catalyzed by an E3 ubiquitin ligase E3, which recognizes the specific substrate. Multiple runs of this reaction lead to polyubiquitination of a substrate, resulting in recognition by the 26S proteasome for targeted degradation.
the CRLs include few members of adaptor proteins such as SKP1 and elongin B/C; two members of the RING family proteins, RBX1/ROC1 and SAG/RBX2/ROC2 (Wei and Sun, 2010) , eight members of scaffold family protein cullins (Cul -1, -2, -3, -4A, -4B, -5, -7, and -9) (Sarikas et al., 2011) and many family members of substrate receptor proteins (Lee and Zhou, 2010; Sarikas et al., 2011) . The SCF E3, also known as CRL1, consists of SKP1, RBX1 or SAG/RBX2, cullin-1, and one of 69 members of the F-box family proteins (Jin et al., 2004) . The F-box proteins determine substrate specificity, whereas cullin-1-RBX1/SAG forms the core E3 ligase that transfers the ubiquitin from the E2 to the substrate (Wu et al., 2000b) . Another unique feature for substrate ubiquitination and degradation mediated by CRL1/SCF E3s is that a substrate has to be phosphorylated by a kinase(s) prior to being recognized by an F-box protein (Willems et al., 2004; Deshaies and Joazeiro, 2009) .
To determine potential E3 ubiquitin ligase activity of SAG, we purified SAG-Cul-1 complex by immunoprecipitation after transient transfection of plasmids expressing SAG and Cul-1. In a ligase reaction mixture containing ubiquitin, E1, E2, ATP, and SAG-Cul-1 complex, we observed the formation of high molecular weight smears, indicative of polyubiquitination in the E1 and E2 dependent manner (Swaroop et al., 2000) . SAG-Cul-1 mediated polyubiquitination is also dependent on the intact SAG RING structure, since the replacement of wild type SAG with SAG RING mutants completely abrogate this reaction (Swaroop et al., 2000) . The ligase activity of SAG-Cul-1 is similar to the RBX1-Cul-1 complex which was included as a positive control (Swaroop et al., 2000) . Furthermore, we observed that SAG-Cul-1 and RBX-Cul-1 have a similar ligase activity in promoting polyubiquitination of phosphorylated IκB in an in vitro ubiquitination assay (Tan et al., 2010) . Thus, like its family member RBX1, SAG has intrinsic E3 ubiquitin ligase activity, when it has formed a complex with cullin-1. It is worth noting that SAG binds to the -subunit of caseine kinase II (CK2) and is phosphorylated at the Thr 10 residue by CK2 (Son et al., 1999; Kim, 2003b) . SAG phosphorylation may change its ligase activity, as evidenced by accumulation of IκBα and p27 when a non-phosphorylatable SAG-T10A (threonine 10 is replaced by alanine) was overexpressed (Kim, 2003b) . However, using both SAG-T10A and phosphor-mimicking mutant SAG-T10E (threonine 10 is replaced by glutamate), we found that while SAG-wt and SAG-T10A mutant have a similar protein half-life of 10 h, the half-life of SAG-T10E mutant is much shortened to ~2 h, suggesting that SAG phosphorylation at the Thr 10 may significantly reduce its stability. All three forms of SAG have similar ligase activity, suggesting that SAG phosphorylation has no effect on its intrinsic E3 ligase activity (He et al., 2007) . Consistent with SAG as an E3 ubiquitin ligase, the following cellular proteins have been identified and characterized as the substrates of SAG-SCF E3 ubiquitin ligase.
Procaspase-3
SAG was first identified as an anti-apoptotic protein Sun, 1999) . After demonstration that SAG has E3 ubiquitin ligase activity in addition to being an antioxidant protein, we attempted to understand the potential ligase-dependent mechanism(s) by which SAG protects cells from apoptosis. We found that SAG binds to pro-caspase-3, a prozymogen form of caspase-3 which, as an effector caspase upon activation, plays a key role in committing cells to apoptosis (Cryns and Yuan, 1998; Earnshaw et al., 1999) . The SAG-procaspase-3 binding is mediated through an F-box protein, β-TrCP, which recognizes the first 38 amino acids of pro-caspase-3. The in vitro ubiquitination assay showed that SAG-β-TrCP promotes ubiquitination of pro-caspase-3. Ectopic expression of β-TrCP shortens protein half-life of procaspase-3, whereas siRNA silencing of β-TrCP or SAG causes its accumulation; the later results in an increased caspase-3 activity upon activation by etoposide and TRAIL and sensitization of human cancer cells to these anti-cancer agents (Tan et al., 2006) . Thus, SAG-β-TrCP mediated pro-caspase-3 degradation likely contributes to SAG's anti-apoptotic function.
c-Jun
SAG was initially identified as a redox-inducible gene (Sun, 1997; Duan et al., 1999) . Our subsequent study revealed that SAG is also inducible by TPA through the mechanism involving transcription factor AP-1, a heterodimer of c-Jun and Fos that regulates many biological process through the transactivation of its downstream targets (Angel and Karin, 1991; Shaulian and Karin, 2002) . We found several consensus AP-1 binding motifs in the promoter of the SAG gene. Upon TPA exposure, c-Jun and c-Fos are induced to form AP-1, which binds to these sites and transactivates SAG expression (Gu et al., 2007b) . Since c-Jun is a previously known ubiquitination target of SCF FBXW7 (Nateri et al., 2004; Wei et al., 2005) , we determined potential involvement of SAG and found that SAG siRNA silencing significantly inhibits c-Jun ubiquitination and blocks c-Jun degradation induced by FBXW7, leading to c-Jun accumulation. Likewise, ectopic SAG expression blocks c-Jun accumulation induced by TPA, which is abrogated completely by a proteasome inhibitor, MG132 (Gu et al., 2007b) . These results strongly suggest that c-Jun is a substrate of SAG-SCF FBXW7 E3, and that SAG-c-Jun establishes an auto-feedback loop. Upon induction by c-Jun/AP-1, SAG recruits FBXW7 to promote c-Jun degradation, thus shutting down the AP-1 signal to keep it in check.
HIF-1α
In a search for additional agents or stress conditions that would induce SAG expression, we found that hypoxia is a potent SAG inducer. Hypoxia-induced SAG expression occurs at the transcription level and is mediated by transcription factor HIF-1, a heterodimer of HIF-1α and HIF-1β, which promotes angiogenesis, proliferation and cell survival by transactivating many of its target genes involved in regulation of these processes (Semenza, 2003) . We identified a perfect HIF-1 binding consensus sequence in the intron 1 of the SAG gene, which is required for HIF-1-mediated SAG transactivation (Tan et al., 2008) . Since HIF-1α is a well-known substrate of CRL2 VHL E3 ligase (Maxwell et al., 1999; Ivan et al., 2001; Jaakkola et al., 2001) , we determined potential involvement of SAG and found that ectopically expressed SAG promotes VHL-mediated HIF-1α ubiquitination and degradation. Likewise, SAG siRNA silencing inhibits VHL-induced HIF-1α degradation and promotes HIF-1α accumulation upon hypoxia. Further study revealed that although VHL mainly binds to Cul2/RBX1, it is also associated with SAG/Cul5, particularly under hypoxic conditions, which facilitates HIF-1α degradation (Tan et al., 2008) . Thus, analogous to the SAG-c-JUN axis, SAG-HIF-1α also establishes an auto-feedback loop in which SAG, upon induction by hypoxia/HIF-1, promotes HIF-1α degradation to shut down the HIF-1 signals in timely fashion.
Protein & Cell IκBα
IκBα is a cytoplasmic protein with a well-known function as the inhibitor of NFκB, a p50/p65 heterodimer transcription factor (Baeuerle and Baltimore, 1988a) . Through binding to NFκB, IκB retains p50/p65 in the cytoplasm, thus preventing nuclear translocation of NFκB to act as a pleiotropic transcription factor (Baeuerle and Baltimore, 1988b) . It is well-established that IκBα is a substrate of SCF βTrCP (Fuchs et al., 1999; Winston et al., 1999) . The involvement of SAG in the process is, however, previously unknown. We found that during the late stage of skin carcinogenesis induced by DMBA/TPA, SAG-transgenic expression in epidermis causes IκBα degradation and subsequent p65 nuclear translocation and NFκB activation. As a result, DMBA/TPA-induced tumors derived from SAG-transgenic expression are bigger in size with remarkably reduced apoptosis (Gu et al., 2007a) . In a separate cell culture model, we also found that IκBα protein accumulates in Sag-null mouse embryonic stem cells, which prevents NFκB activation triggered by ionizing radiation or TNFα. Consistently, ectopic SAG expression shortens IκBα protein half-life upon TNFα stimulation and directly promotes the ubiquitination of phosphorylated IκBα (Tan et al., 2010) . Thus, IκBα is a direct substrate of SAG-SCF βTrCP E3 (Tan et al., 2010) , in addition to RBX1-SCF βTrCP E3 (Wu et al., 2000a) .
A recent protein microarray study in attempt to identify the interactome of NEMO, a 48-kDa protein that acts as an essential modulator of NFκB (Yamaoka et al., 1998) , identify SAG as a NEMO binding protein (Fenner et al., 2010) . Although it is unclear whether or how SAG-NEMO interaction affects NFκB activity, this study did show that SAG overexpression stimulates, whereas SAG siRNA silencing reduces, NFκB transcriptional activation (Fenner et al., 2010) . Thus, SAG can modulate NFκB activity at multiple levels.
NF1
NF1 (Neurofibromatosis-1) is a tumor suppressor gene which is frequently mutated in many types of sporadic human cancers (Cichowski and Jacks, 2001; Le and Parada, 2007) . Patients with NF1 mutations are predisposed to developing a variety of benign and malignant tumors mainly in the peripheral and central nervous system (Cichowski and Jacks, 2001 ). Nf1 contains a functional domain of RAS GTPase Activating Protein (GAP) and through which Nf1 inhibits RAS, a powerful oncogene that promotes cell proliferation, angiogenesis and tumorigenesis (Kranenburg et al., 2004; Dhillon et al., 2007) , by accelerating conversion of active RAS-GTP to inactive RAS-GDP (Le and Parada, 2007) . In our mechanistic study of embryonic death induced by Sag knockout, we found that Nf1 is accumulated in Sag-null embryonic stem cells during endothelial differentiation, which prevents the formation of cystic embryoid bodies (Tan et al., 2011b) . Subsequent rescue experiments showed that this differentiation defect can be completely abrogated upon simultaneous deletion of Nf1, indicating that Nf1 accumulation plays a causal role (Tan et al., 2011b) . We followed up this lead and found that SAG binds to Nf1 through an F box protein FBXW7 (Welcker and Clurman, 2008) (Tan et al., 2011b) . Figure 4 captures in cartoon form how SAG-SCF FBXW7 promotes Nf1 degradation leading to RAS activation.
Others
Although less well characterized, we have identified other potential substrates of SAG-SCF E3, as follows. a) p27, a well-characterized inhibitor of cyclin dependent kinase that blocks cell cycle progression at the G1 phase Roberts, 1995, 1999) . p27 has been previously characterized as a substrate of SCF SKP2 (Carrano et al., 1999; Sutterluty et al., 1999; Tsvetkov et al., 1999) . In a SAG-transgenic mouse skin model, we found that p27 levels are much lower after UV exposure in SAG transgenic epidermis and primary keratinocytes, as compared to that in its non-transgenic littermates, whereas SAG silencing inhibits p27 ubiquitination, indicating SAG involvement in p27 degradation ; b) NOXA, a pro-apoptotic protein that promotes apoptosis via specifically inhibiting the anti-apoptotic Bcl-2 family member, Mcl-1 (Chen et al., 2005; Kim et al., 2006) . It is totally unknown how NOXA is ubiquitinated and degraded. We found that SAG silencing causes significant NOXA accumulation by extending its protein half-life, whereas ectopic SAG expresssion significantly reduces NOXA levels by shortening its protein half-life (Jia et al., 2010) . We further found that the small molecule MLN4924 causes a dosedpendent NOXA accumulation in multiple cancer cell lines tested (unpublished observation), indicating that NOXA is subjected to degradation by a SAG-CRL E3. Future study will be directed to identify the specific CRL responsible for NOXA degradation. It is truly worthy noting that MLN4924 is a small molecule inhibitor of Nedd8-Activating Enzyme, which inactivates CRL E3 ligase activity through cullin deneddylation (Soucy et al., 2009a; Brownell et al., 2010) . MLN4924 is being developed as the first-in-class anti-cancer agent (Soucy et al., 2009a; Nawrocki et al., 2012) , which suppresses tumor cell growth by effectively inducing cell death via apoptosis (Soucy et al., 2009a; Milhollen et al., 2010; Swords et al., 2010; Milhollen et al., 2011; Tan et al., 2011a; Zhao et al., 2011a) , senescence (Lin et al., 2010a; Lin et al., 2010b; and autophagy (Luo et al., 2012; . With promising preclinical efficacy, MLN4924 has been advanced to several Phase I clinical trials against a number of human malignancies (Soucy et al., 2009b; Soucy et al., 2010) . c) DEPTOR, a newly identified naturally occurring inhibitor of mTORC1 and mTORC2 (Peterson et al., 2009 ). Most recently, we ) and other two independent laboratories (Duan et al., 2011; Gao et al., 2011) found that DEPTOR is a physiological substrate of SCF βTrCP E3 ligase [for Research Highlights, see (Wrighton, 2011) ]. We found that MLN4924 causes DEPTOR accumulation in several cancer cell lines (Luo et al., 2012; , whereas ectopic SAG expression promotes DEPTOR degradation by SCF βTrCP E3 (unpublished observation). Thus, SAG-SCF is actively involved in DEPTOR ubiquitination and subsequent degradation.
BIOLOGICAL FUNCTIONS Apoptosis inhibition
SAG was first cloned in our laboratory through the differential display (Liang and Pardee, 1992) as a redox inducible protein (Sun, 1997; Sun et al., 1997; Sun, 2000) that protects cancer cells from apoptosis induced by the redox compound 1,10-phenanthroline and zinc sulfate in a RING domain dependent manner (Sun, 1999) . Our subsequent studies showed in an in vivo ischemia mouse model that transduction of AdCMV-SAG (wild-type), but not its RING mutant, AdCMV-mSAG, nor the AdCMV-lacZ control, protects brain tissues from ischemic injury, as evidenced by significant reduction of the infarct areas where SAG was highly expressed. Mechanistic studies revealed that SAG overexpression decreases the production of ROS and reduces the number of apoptotic cells in the ischemic areas . Furthermore, using a cardiac myocyte ischemia model, we showed that overexpression of SAG, but not its RING mutant, protects cells from apoptotic death induced by simulated ischemia and reperfusion, whereas antisense SAG enhances cell death under both normoxic and hypoxic conditions. Thus, SAG is a cardio-protective protein in
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Cell cardiac cells against ischemic stress (Chanalaris et al., 2003) . Subsequent studies, including our own, demonstrated in many cell culture models that SAG protects cells from apoptosis induced by nitric oxide (Yang and Park, 2006) , heat shock (Lee et al., 2008) , neurotoxins and 1-methyl-4-phenylpyridinium (Kim et al., 2007) , UV-irradiation , ischemia-mediated oxidative stress (Kim et al., 2010; Yoo et al., 2012) , and ionizing radiation (Kim et al., 2011) . Consistently, SAG knockdown by anti-sense, siRNA or Sag knockout by gene deletion inhibits tumor cell growth , enhances apoptosis induced by etoposide and TRAIL (Tan et al., 2006) , by actinomycin D and etoposide , by ionizing radiation (Tan et al., 2010; Kim et al., 2011) and by retinoic acid, which induces differentiation in wild type embryonic stem cells, but apoptosis upon Sag deletion (Tan et al., 2011a) . These cellular functions are likely mediated by the combination of its antioxidant activity by scavenging ROS Yang and Park, 2006; Lee et al., 2008; Kim et al., 2010; Tan et al., 2010; Kim et al., 2011; Yoo et al., 2012) , and its E3 ubiquitin ligase activity by promoting the degradation of pro-caspase-3 (Tan et al., 2006) , IκBα (Gu et al., 2007a; Tan et al., 2010) , and NOXA (Jia et al., 2010) in a cell line and cell context dependent manner.
More significantly, we found that Sag total knockout causes embryonic lethality at embryonic stage of E11.5-12.5, which is associated with massive embryonic apoptosis (Tan et al., 2011b) . The massive apoptosis seen in in vivo Sag -/- embryos is directly consistent with SAG's anti-apoptotic function observed in many in vitro cell culture studies Sun et al., 2001 ) and firmly established that SAG is an anti-apoptotic protein.
Radiation resistance
We examined potential role of SAG in conferring cellular radioresistance, based upon two pieces of evidence. First, SAG is an antioxidant protein that scavenges ROS. ROS production is one of common mechanisms by which radiation induces cell killing (Cook et al., 2004) . Second, SAG is an E3 ubiquitin ligase that promotes the ubiquitination and degradation of IκBα, leading to activation of NFκB (Gu et al., 2007a; Tan et al., 2010) . NFκB is a survival transcription factor which often mediates adaptive radioresistance (Ahmed and Li, 2008) . Using both gene knockout (KO) and siRNA silencing approaches, we found that mouse ES cells with Sag KO are indeed much more sensitive to ionizing radiation with a sensitivity enhancement ratio (SER) of ~1.6. Mechanistically, enhanced radiation sensitivity is mediated by increased steady-state levels of intracellular ROS and decreased activation of NFκB (Tan et al., 2010) . Consistently, SAG siRNA silencing in otherwise radioresistant human cancer cell lines causes radiosensitization (Jia et al., 2010) . Furthermore, we recently showed that MLN4924, a small molecule inhibitor of SAG-SCF E3 ligase, sensitizes otherwise resistant pancreatic, lung, and breast cancer cells to ionizing radiation with a minimal effect on normal lung fibroblasts Yang et al., 2012) , suggesting that MLN4924 could act as a novel class of radiosensitizing agents . Taken together, these results indicate that SAG confers radioresistance and targeting SAG induces radiosensitivity.
Mouse embryonic development
In an attempt to understand the in vivo physiological function of SAG, we generated a Sag total KO mouse model through a gene trap approach and found that Sag is a developmentally essential gene whose disruption causes embryonic lethality at E11.5-12.5. The embryonic death is associated with overall growth retardation, massive apoptosis, and poor vasculogenesis (Tan et al., 2011b) . The growth retardation and massive apoptosis seen in in vivo Sag -/-embryos (Tan et al., 2011b) is consistent with SAG's role in promoting proliferation ) and inhibiting apoptosis as seen in in vitro culture studies Sun et al., 2001 ). Thus, despite Sag being dispensable during development in Drosophila and C. elegans (Moore and Boyd, 2004; Reynolds et al., 2008) , we demonstrate that Sag is absolutely required for mouse development. The fact that Sag knockout in Rbx1 wild type background causes embryonic lethality at E11.5-12.5, whereas Rbx1 knockout in Sag wild type background also causes embryonic lethality but at even earlier stage of E7.5 (Tan et al., 2009) , strongly indicates that Sag and its family member, Rbx1 are functionally non-redundant in mice, despite the fact that either SAG or RBX1 rescues yeast death upon targeted disruption of Hrt1, the only yeast homolog of RBX1/SAG (Ohta et al., 1999; Seol et al., 1999; Swaroop et al., 2000) . Thus, although SAG and RBX1 are largely indistinguishable biochemically in promoting substrate ubiquitination, they are likely responsible for the degradation of different and non-overlapping sets of substrates to ensure a proper embryonic development.
Vasculogenesis and angiogenesis
Since the Sag -/ -embryos die at E11.5-12.5, we dissected the Sag -/ -embryos at E10.5 and found a remarkable reduction of vasculogenesis in both yolk-sacs and embryonic brains (Tan et al., 2011b) . To define the mechanism, we established Sag -/ -embryonic stem cells (ESCs) and determined the ability of Sag -/ -ESCs to undergo endothelial differentiation, an in vitro assay mimicking the in vivo vasculogenesis. We found that Sag -/ -ESCs are defective in endothelial differentiation and completely fail to form cystic embryoid bodies containing blood island structures, although they are able to differentiate to form embryoid bodies (Tan et al., 2011b (Tan et al., 2011b) (Fig. 5) . More significantly, we found that simultaneous deletion of Nf1 and Sag can partially rescue vascular defects seen in Sag -/ -embryos (Tan et al., 2011b) . We performed detailed biochemical characterization of SAG-NF1 interaction and showed that SAG-SCF FBXW7 E3 ligase targets NF1 for ubiquitination and degradation (Tan et al., 2011b) . Thus, Nf1, as a physiological substrate of Sag, accumulates upon Sag deletion to inhibit RAS and abrogate RAS-MAPK signaling pathways, leading to blockage of proliferation and endothelial differentiation in vitro and growth retardation and poor vasculogensis in vivo (Figs. 4 and 5) . Given the fact that Sag-SCF E3 targets for degradation many cellular substrates which play the essential roles in embryogenesis (Wei and Sun, 2010) , it is expected that deletion of accumulated Nf1 alone is not sufficient to cause a full rescue of embryonic lethality. 
Tumorigenesis
The potential role that Sag may play in tumorigenesis is suggested by the observations that a) SAG is overexpressed in carcinomas of lung, colon, stomach and liver Jia et al., 2010) , b) SAG overexpression is associated with poor prognosis of patients with lung cancer (Sasaki et al., 2001 ) and rectal cancer (Ozden et al., 2011) , and c) SAG promotes cell growth under serum starved stress condition and microinjection of SAG mRNA into quiescent NIH3T3 cells induces S phase entry ; SAG also promotes cell proliferation in mouse hippocampal dentate gyrus (Yoo et al., 2012) . To address SAG's role in tumorigenesis, we established a K14-SAG transgenic (SAG-Tg) mouse model in which SAG expression in skin epidermis is driven by the K14 promoter. In a DMBA/TPA two-stage skin caricinogenesis study, we found SAG skin transgenic expression inhibited tumor formation at the early stage by targeting c-Jun for degradation to inactivate AP-1, but enhanced tumor growth at the later stage by targeting IκBα for degradation to activate NFκB (Gu et al., 2007a) . The net outcome of this stage-dependent targeting of different SAG substrates (c-Jun vs. IκBα) is that SAG-Tg develops fewer skin papillomas due to reduced AP-1 promotion, but papillomas that did develop grow much bigger due to reduced apoptosis as result of NFκB activation (Gu et al., 2007a) . In a UVB skin carcinogenesis model, SAG skin transgenic expression targets both c-Jun and p27 for degradation, leading to reduced c-Jun level and AP-1 activity as well as reduced p27 level. The net outcome of SAG-mediated c-Jun/AP-1 inactivation and p27 reduction is an increase in the development of skin hyperplasia, as evidenced by increased skin thickness and increased rate of DNA synthesis, but not skin tumors . Thus, compared to c-Jun/AP-1, p27 appears to plays a bigger role in regulation of UVB-induced skin proliferation. Finally, we have extended this in vivo tumorigenesis study to other mouse models. Our newly generated unpublished data showed that Sag is required for Kras-induced lung tumorigenesis, as tested in a well-established Kras G12D lung tumorigenesis model (Jackson et al., 2001 ).
Protein &

Cell CONCLUSION AND FUTURE PERSPECTIVES
In summary, the data reviewed here support the following model. In response to various internal and external stimuli, such as hypoxia and ROS, SAG is induced as a cellular protective mechanism against oxidative stress. Induced SAG can act alone as an antioxidant to scavenge ROS, thus blocking ROS-induced DNA damage, lipid peroxidation, and apoptosis (Fig. 6, left panel) . Induced SAG also recruits other components of SCF E3 and promotes the ubiquitination and subsequent degradation of a) NOXA and pro-caspase-3 to block apoptosis, b) IκBα to activate NFκB, c) p27 to activate CDKs (cyclin-dependent kinases), d) NF1 to activate RAS, and e) DEPTOR to activate mTORCs, leading to apoptosis inhibition, radioresistance, enhanced proliferation and angiogenesis, and accelerated tumorigenesis (Fig. 6 , right panel). Targeting SAG via genetic (siRNA silencing or gene deletion) or pharmaceutical (MLN4924) approaches reverses these oncogenic processes, Thus, SAG is an attractive anti-cancer and radiosensitizing target (Sun, 2003 (Sun, , 2006 Wei and Sun, 2010; .
Several future directions around SAG study are articulated below
First of all, we need to biochemically and functionally differentiate SAG from its family member RBX1. It has been previously reported that SAG prefers to form the complex with cullin-5-SOCS-box proteins, whereas RBX1 prefers with cullin-2-VHL-box (Kamura et al., 2004; Kohroki et al., 2005) . However, we do observe SAG involvement in ubiquitination and degradation of IκB, NF1, procaspase-3 and DEPTOR (cullin-1 mediated) (Tan et al., 2006; Gu et al., 2007a; Tan et al., 2010 Tan et al., , 2011b and HIF-1α (cullin-2 mediated) (Tan et al., 2008) , indicating that SAG could also form the complex with other CRLs; This study may shed light on why SAG and RBX1 function non-redundantly during mouse embryogenesis. Secondly, we need to identify and characterize endogenous and physiologically relevant substrates of SAG-Cul5-SOCS E3, an area in which the research progress is relatively lacking. A recent study showed that ElonginA/B/C complex assembles with SAG/Cul5 to form an active E3 to promote ubiquitination and degradation of Rpb1, the largest subunit of pol II (Yasukawa et al., 2008) . In other two cases, although active Src oncoprotein and Dab1, an intracellular signaling molecule, appear to subject to degradation by CRL5, potential involvement of SAG is unknown (Feng et al., 2007; Laszlo and Cooper, 2009; Simo et al., 2010; Pan et al., 2011) . Still unclear is the active role of SAG-Cul-5 in SOCS2-mediated degradation of filamin B (Bello et al., 2009) , iNOS (Kuang et al., 2009) Protein & Cell (Vesterlund et al., 2011) . On the other hand, it has been relatively well established that several viral proteins can hijack cellular cullin-5 E3 to promote degradation of key host proteins, such as anti-viral protein APOBEC3G (Yu et al., 2003) , tumor suppressors p53 (Querido et al., 2001 ) and VHL (Cai et al., 2006) ; the SAG involvement is again totally unknown. Our understanding of how SAG-Cul-5 E3 regulates viral infection may lead to a novel design of anti-viral therapy surrounding this E3 ligase. Thirdly, we need to understand how SAG is regulated at the post-translational level. We know that SAG is subjected to transcriptional activation by AP-1 (Gu et al., 2007b) and HIF-1 (Tan et al., 2008) , and we also know that SAG is subjected to ubiquitination and degradation (unpublished observation). However, we do not know how SAG protein stability is regulated by which E3 ligase and deubiquitinase, although NEDD4 E3 has been shown to bind with SAG/RNF7 in a proteome array study (Persaud et al., 2009) . Given the fact that SAG is an attractive target, a novel anticancer approach may involve the discovery of small molecule inhibitors of SAG deubiquitinase, which would block SAG deubiquitination, leading to an enhanced SAG degradation.
Finally, we need to achieve a better understating of SAG's role in tumorigenesis. We know that SAG is not a dominant oncogene in our skin transgenic model (Gu et al., 2007a) , but it could be an oncogenic-cooperative gene that is required for tumorigenesis driven by activation of oncogene(s) or deletion of tumor suppressor gene(s). Availability of the Sag conditional KO mouse model (Sag fl/fl mouse) makes it possible to address this important question. Better understanding of these research questions will lay a solid foundation for the future discovery of SAG E3 specific inhibitors against human cancers with SAG overexpression and activation.
